Background: Kinases downstream of growth factor receptors have been implicated in radioresistance and are, therefore, attractive targets to improve radiotherapy outcome in head and neck squamous cell carcinoma (HNSCC) patients. Methods: An antibody-based array was used to quantify the expression levels of multiple phospho-kinases involved in growth factor signaling in nine untreated or irradiated HNSCC lines. Radiosensitivity was assessed with clonogenic cell survival assays and correlated with the expression levels of the phospho-kinases. Inhibitors of the kinases that were associated with radiosensitivity were tested for their ability to increase radiosensitivity in the 3 most radioresistant HNSCC lines. Results: The basal expression of phosphorylated Yes, Src and STAT5A, and the expression after radiotherapy of phosphorylated AKT, MSK1/2, Src, Lyn, Fyn, Hck, and STAT6, were correlated with radiosensitivity in the panel of HNSCC lines. In combination with radiotherapy, inhibitors of AKT, p38 and Src Family Kinases (SFK) were variably able to reduce survival, whereas MEK1/2, STAT5 and STAT6 inhibition reduced survival in all cell lines. The combined effect of radiotherapy and the kinase inhibitors on cell survival was mostly additive, although also supra-additive effects were observed for AKT, MEK1/2, p38 and STAT5 inhibition. Conclusions: Kinases of the AKT, MAPK, STAT and SFK pathways correlated with radiosensitivity in a panel of HNSCC lines. Particularly inhibitors against MEK1/2, STAT5 and STAT6 were able to decrease survival in combination with radiotherapy. Hence, inhibitors against these kinases have the potential to improve radiotherapy outcome in HNSCC patients and further research is warranted to confirm this in vivo.
Background
Radiotherapy is an integral part of the treatment of head and neck squamous cell carcinoma (HNSCC) and is successful in curing early-stage disease. However, the majority of HNSCC patients presents with locoregionally advanced disease for which cure rates remain relatively poor [1] . Increasing insight in the biological features of HNSCC tumors has resulted in the development of new therapeutic agents that target molecules important for survival after radiotherapy, including the Epidermal Growth Factor Receptor (EGFR). Combining these new agents with radiotherapy has already been successful in the clinic as a phase III study by Bonner et al. [2] has shown that cetuximab, a monoclonal antibody against EGFR, improves survival in patients treated with radiotherapy. However, despite this effect, a significant proportion of the patients is resistant to EGFR-inhibition and does not benefit from the addition of cetuximab. One of the proposed resistance mechanisms is activation of other growth factor receptors [3] [4] [5] [6] . Different growth factor receptors, such as EGFR, other members of the ErbB family and MET, activate similar downstream pathways [7] . Due to this redundancy in signaling networks, cells overexpressing multiple growth factor receptors can sustain survival signaling when one of the receptors is blocked. Therefore, it will be important to determine the common downstream pathways that are responsible for cell survival after radiotherapy as they will be more attractive targets to overcome radioresistance than targeting one specific growth factor receptor.
Multiple kinase pathways downstream of growth factor receptors have already been implicated in radioresistance, including the RAS/RAF/ERK and the PI3-K/AKT pathways [8] [9] [10] . To identify kinases that can be targeted to increase radiosensitivity in HNSCC, it will be important to explore multiple pathways. In this study, we used an antibody-based array to quantify the expression levels of multiple phosphorylated kinases in a panel of HNSCC lines. The expression levels of these phospho-kinases were correlated with radiosensitivity. Expression levels were measured in untreated and irradiated cells as both basal activity and activity induced by radiation of a kinase could be important for cell survival after radiotherapy. Inhibitors of the kinases that were associated with radiosensitivity were tested for their ability to enhance the radiotherapy effect in HNSCC. We identified several kinase inhibitors that have the potential to increase radiosensitivity of tumors and thereby improve the outcome of HNSCC patients.
Materials and methods

Cell lines and chemicals
Nine human head and neck squamous cell carcinoma cell lines (UT-SCC lines, generated by R.G., University of Turku) were used in this study. The characteristics of the cell lines are shown in Table 1 . Cell lines were not further authenticated or tested. Cells were cultured in T75 culture flasks, under humidified conditions (37°C, 5% CO 2 ), and passaged weekly or twice weekly in DMEM containing 2 mM L-glutamine, 1% non-essential amino acids, 20 mM Hepes, 10 units/ml penicillin, 10 units/ml streptomycin, and 10% fetal bovine serum. The following kinase inhibitors and concentrations were used (concentrations were chosen on the basis of effectiveness described in the literature): Src Family Kinase inhibitor dasatinib (100 nM, LC Laboratories, Woburn, MA, USA) [11] , AKT inhibitor MK-2206 (2 μM, Selleckchem, Houston, TX, USA) [12] , MEK1/2 inhibitor U0126 (10 μM, Merck Millipore, Billerica, MA, USA) [8] , p38 inhibitor SB203580 (10 μM, Selleckchem) [13] , STAT5 inhibitor 573108 (100 μM, Merck Millipore) [14] , and STAT6 inhibitor leflunomide (100 μM, Sigma, St Louis, MO, USA) [15] .
Human phospho-kinase antibody array
To determine levels of phospho-kinases at baseline and after radiotherapy, cells were harvested after no treatment or 1 h after a single dose of 4 Gy (320 KV, dose rate 3.1 Gy/min, X-RAD, RPS Services Limited, Surrey, UK). Cells were lysed using lysis buffer of the Human phospho-kinase array kit (ARY003, Proteome Profiler™, R&D Systems, Minneapolis, MN, USA) and protein was quantitated using a standard Bradford absorbance assay. The Human phospho-kinase array was performed according the protocol of the manufacturer. In this array, 46 capture antibodies are spotted in duplicate on nitrocellulose membranes. The capture antibodies were directed against the following antigens: AKT(S473), AKT (T308), AMPKα1(T174), AMPKα2(T172), Chk-2(T68), c-Jun(S63), CREB(S133), eNOS(S1177), ERK1/2(T202/ Y204), T185/Y187), FAK(Y397), Fgr(Y412), Fyn(Y420), GSK-3α/β(S1/S9), Hck(Y411), HSP27(S78/S82), JNK pan (T183/Y185, T221/Y223), Lck(Y394), Lyn(Y397), MEK1/ 2(S218/S222, S222/226), MSK1/2(S376/S360), p27(T157), p27(T198), p38α(T180/Y182), p53(S15), p53(S46), p53 (S392), p70 S6 kinase (T229), p70 S6 Kinase (T389), p70 S6 kinase (T421/S424), Paxillin(Y118), PLCγ-1(Y783), Pyk2(Y402), RSK1/2(S221), RSK1/2/3(S380), Src(Y419), STAT1(Y701), STAT2(Y689), STAT3(Y705), STAT4 (Y693), STAT5a(Y699), STAT5a/b(Y699), STAT5b(Y699), STAT6(Y641), TOR(S2448), Yes(Y426) and β-catenin. In short, cell lysates were incubated with the membrane overnight. Thereafter, the membranes were incubated with a cocktail of biotinylated detection antibodies and streptavidin-HRP. Finally, proteins were detected using an ECL chemiluminescent system. To quantify expression levels, the integrated optical density (IOD) of each spot was measured using ImageJ software (NIH, Bethesda, MD, USA). IOD values were corrected for background signal and to compare different membranes levels were normalized to those of the positive controls on each membrane. Both the absolute expression levels after radiotherapy as well as the relative levels (expression after radiotherapy/ expression in control) after radiotherapy were quantified.
Radiosensitivity: Clonogenic cell survival assays
Cells were irradiated with graded doses (2, 4, or 8 Gy) at room temperature. After 1.5-3 weeks, depending on the growth speed of the cell line, cells were stained with 0.5% crystal violet and colonies with more than 50 cells were counted. Clonogenic survival curves were fitted using the linear quadratic model and the surviving fraction after 4 Gy (SF4) was calculated using the α and β values obtained from the curve.
Kinase inhibition: Clonogenic cell survival assays & western blot analyses
For clonogenic cell survival assays, cells were incubated with the kinase inhibitor for 16 h and then irradiated with 4 Gy. Thereafter, cells were treated with the kinase inhibitor for 72 h (total 88 h of treatment) and subsequently cells were incubated in drug free medium. After 1.5-3 weeks, cells were stained with crystal violet and colonies were counted. Survival fraction after combined treatment with 4 Gy and the kinase inhibitor was calculated by correcting for plating efficiency of the untreated control or by correcting for plating efficiency of cells treated with the inhibitor alone. For western blot analyses, cells were treated with the inhibitor for 16 h followed by irradiation with 4 Gy and harvested 4 h after radiotherapy or 20 h after kinase treatment. Cells were lysed in RIPA buffer and protein was quantitated using a standard Bradford absorbance assay. Proteins (25 μg per lane) were separated by SDS-PAGE and blotted onto PVDF membrane. Membranes were incubated with the appropriate primary antibodies followed by incubation with HRP-conjugated antibodies. Finally, proteins were detected using chemiluminescence. Antibodies against the following antigens were used: p-p38(T180/Y182), pMEK1/2(S217/221), pMSK1 (S376), pSFK(Y416), pSTAT6(Y641), pSTAT5(Y694), pAKT(S473), pERK1/2(T202/Y204), and HRP-conjugated goat-anti-rabbit IgG were purchased from Cell Signaling Technology (Beverly, MA, USA), HRP-conjugated goatanti-mouse IgG was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and α-tubulin was obtained from Calbiochem (San Diego, CA, USA).
Statistics
Correlations between expression levels of phosphokinases (absolute levels in control, and both absolute levels and relative levels after radiotherapy) and SF4 values were assessed using the Spearman correlation test. To determine additive effects of combined treatment, differences between survival after 4 Gy and 4 Gy + inhibitor were tested for significance using the Mann-Whitney test. To determine supra-additive effects of combined treatment, differences between survival after 4 Gy and 4 Gy + inhibitor corrected for effect of inhibitor alone were tested for significance using the Mann-Whitney test. Tests were performed using Prism (GraphPad Software, Inc., LA Jolla, CA, USA) or SPSS (SPSS, Chicago, IL, USA). P-values ≤0.05 were considered significant.
Results
Expression of phospho-kinases correlated with radiosensitivity in a panel of HNSCC cell lines
The radiosensitivity of 9 HNSCC cell lines was assessed with clonogenic survival assays after 0, 2, 4 and 8 Gy.
Using the linear quadratic model, the surviving fraction after 4 Gy (SF4) was calculated for each cell line (Table 1) . To determine which kinases are important for cell survival after radiotherapy in HNSCC, we quantified the expression of a panel of phospho-kinases using an antibody-based array in untreated and irradiated cells ( Figure 1 ). The effect of radiotherapy on most phosphokinases varied widely among cell lines, only the expression of p-Chk2 was increased in all cell lines after radiotherapy ( Figure 1 ). The expression levels of multiple phospho-kinases were found to be significantly correlated with radiosensitivity (p-values ≤ 0.05 of spearman correlation test, Table 2 ). Only positive correlations were observed, indicating that higher levels of expression basally or after radiation for each of these proteins correlated with increasing radioresistance. For some phosphorylated kinases the basal expression level was correlated with radiosensitivity (Yes and STAT5A), whereas for others the expression level after radiotherapy (AKT, MSK1/2, Lyn, Fyn, Hck, STAT6). For phosphorylated Src both the basal expression level as well as the expression level after radiotherapy were correlated with radiosensitivity.
Radiosensitizing effect of kinase inhibitors
The significant correlation between the expression levels of these phosphorylated kinases and radiosensitivity indicates that the activity of these kinases might be important for cell survival after radiotherapy. Indeed, AKT and Src have been implicated in resistance to radiotherapy in HNSCC before [9, 11] and were also found to be correlated with radiosensitivity in this study. Hence, these kinases might represent new targets to increase radiosensitivity in HNSCC. To test this hypothesis, clonogenic survival assays were performed with inhibitors against these various kinases in combination with radiotherapy in 3 UT-SCC lines with the highest SF4 values i.e. the most radioresistant tumor cell lines; UT-SCC5, 24A and 40 (Figure 2A-F) . MK-2206, 573108 STAT5 inhibitor, and leflunomide were used to inhibit AKT, STAT5 and STAT6, respectively. Dasatinib was used to inhibit the kinases of the Src Family Kinase (SFK), which include Src, Yes, Lyn, Fyn and Hck. MSK1/2 can be activated via both the MEK/ERK pathway as well as the p38 pathway [16] . Therefore, both U0126 and SB203580 were used to inhibit MEK1/2 and p38, respectively, and thereby inhibit downstream MSK1/2. Next to the clonogenic survival assays, western blot analyses were performed on cells treated with the inhibitor and/or radiotherapy to determine the effects of the inhibitors on the phosphorylated kinases ( Figure 3A-F) .
As shown in Figure 2A , AKT inhibition significantly decreased survival after 4 Gy in UT-SCC24A (p = 0.030) and UT-SCC40 (p = 0.002). This effect was supraadditive in UT-SCC40 (p = 0.002). In all three cell lines AKT inhibition with or without radiotherapy clearly decreased pAKT levels ( Figure 3A) . SFK inhibition only decreased survival after 4 Gy in UT-SCC24A (p = 0.002), and this was not a synergistic effect ( Figure 2B ). Western blot analyses also showed only a clear decrease in pSFK levels in UT-SCC24A cells ( Figure 3B ). MEK inhibition significantly decreased survival after 4 Gy in all cell lines (p < 0.001), which was supra-additive in UT-SCC24A (p = 0.004) ( Figure 2C ). MEK inhibition increased pMEK1/2 levels in all cell lines ( Figure 3C ). In contrast, downstream pERK1/2 levels were decreased after MEK inhibition, indicating that the kinase activity of MEK1/2 was decreased despite a higher level of phosphorylated MEK1/2. However, this inhibition of ERK1/2 did only lead to reduced pMSK1 levels in UT-SCC40 ( Figure 3C ). Inhibition of p38 in combination with radiotherapy also led to a reduction of survival in UT-SCC24A (p = 0.002), which was a supra-additive effect (p = 0.002) ( Figure 2D ). Similar to what was seen using the MEK inhibitor, p38 inhibition did not lead to reduced p-p38 levels; rather p-p38 levels were increased in UT-SCC24A that showed a synergistic effect of p38 inhibition and radiotherapy ( Figure 3D ). However, no decrease in downstream pMSK1 levels were seen in any of the three cell lines after p38 inhibition indicating that the effect of p38 inhibition was not related to effects on MSK1 activity.
As shown in Figures 2E and 2F , both STAT5 and STAT6 inhibition led to a significantly decreased survival after 4 Gy in all cell lines (p < 0.01 and p < 0.05). For STAT6 inhibition this was only an additive effect, while STAT5 inhibition and 4 Gy had a supra-additive effect on cell survival in UT-SCC40. Both pSTAT5 and pSTAT6 levels were low and difficult to detect on western blot. Reduction of pSTAT5 was observed in UT-SCC40 and of pSTAT6 in UT-SCC5 and UT-SCC40 ( Figure 3E ,F). 
Discussion
In this study, an antibody-based array was used to determine which activated kinases involved in growth factor signaling were correlated with radiosensitivity in HNSCC. This screen resulted in multiple kinases of different pathways, which could be potential targets to increase radiosensitivity. Pathways known to be associated with radiosensitivity were found, including the RAS/ RAF/ERK and the PI3-K/AKT pathways [8] [9] [10] , validating our approach. In addition, kinases not known to be involved in radiosensitivity were identified, including STAT5 and STAT6. Moreover, inhibitors of these kinases were able to decrease survival after radiotherapy, particularly inhibitors against MEK1/2, STAT5 and STAT6. Hence, these kinases represent potential new targets to improve outcome after radiotherapy in HNSCC patients.
The PI3-K/AKT pathway has been shown to regulate important cell survival mechanisms that induce radioresistance, including DNA repair and proliferation [9] . Hence, inhibition of this pathway has been shown to be a major mechanism for the radiosensitizing effect of EGFR-inhibitors [17, 18] and this is strengthened by the observation that activation of AKT has been implicated in resistance to EGFR-inhibition [19] . Here, we show that pAKT inhibition via MK-2206 can decrease survival after radiotherapy. This effect was supra-additive in one cell line, indicating that pAKT inhibition specifically decreased survival after radiotherapy in this cell line. However, pAKT inhibition did not decrease survival in all cell lines we tested, despite consistently good inhibition of pAKT levels ( Figure 3A) . Several mechanisms could explain this difference in radiosensitizing effect of MK-2206 between cell lines. Firstly, the importance of AKT activity for cell survival could differ between cell lines; for example also other kinases were highly expressed in resistant line UT-SCC5, and, therefore, inhibition of pAKT would not be deleterious for all cell lines. Moreover, numerous feedback systems are present between growth factor receptors and their downstream pathways, whereby inhibition of one kinase can lead to activation of receptors and consequently activation of other downstream pathways [20, 21] . These feedback mechanisms can greatly impact the sensitivity of cells to kinase inhibitors. In addition, these mechanisms are likely differentially active between cell lines as they will be dependent on which receptors and kinases are (over) expressed or preferentially activated in a cell.
Several members of the family of Src kinases were also found to be correlated with radiosensitivity. SFKs have been shown to be involved in pathways that control cell division and survival [22, 23] and Src has been implicated in AKT activation after radiotherapy [24] . However, dasatinib was only able to reduce survival after radiotherapy in UT-SCC24A cells in an additive way. This is in contrast with a recent study by Raju et al. [11] , which showed that dasatinib enhances radiosensitivity in HNSCC cells via inhibition of radiation-induced DNA repair. A possible reason for this discrepancy is that due to differential sensitivity our panel of 3 cell lines was too small to detect the radiosensitizing effect of dasatinib. Namely, in the study of Raju et al. only 2 out of 6 cancer lines showed radiosensitization by dasatinib [11] . Nonetheless, these data together suggest that dasatinib can radiosensitize tumors, but that dasatinib is probably not effective in the majority of HNSCC patients.
In contrast to dasatinib, inhibition of MEK1/2 did result in decreased survival after radiotherapy in all cell lines, with a supra-additive effect in UT-SCC24A. MEK1/2 and its downstream kinases ERK1/2 have been implicated in radioresistance in HNSCC before, although the effect of pathway inhibition on radiosensitivity is inconsistent [8, 25] . In this study, MEK1/2 inhibition was used to inhibit downstream phosphorylation of MSK1/2, which was correlated with radiosensitivity. Though clear inhibition of pERK1/2 was detected in all cell lines, pMSK1 was only decreased in UT-SCC40, which only showed an additive effect of MEK inhibition. Hence, these data suggest that the radiosensitizing effect of MEK inhibition is not regulated via MSK. Specific inhibition of MSK will be necessary to further investigate the role of MSK in radioresistance in HNSCC. Interestingly, the cell line that showed synergism between MEK inhibition and radiotherapy, also showed a synergistic effect of p38 inhibition. Also with this inhibitor no decrease of pMSK1 levels was observed. MEK and p38 both belong to the family of mitogen-activated protein kinases (MAPKs) [16] . Therefore, MEK and p38 may activate another common pathway that is important for survival after radiotherapy in UT-SCC24A cells, for example both MEK and p38 can activate MNK1 and thereby regulate mRNA translation [16] .
Surprisingly, increased pMEK1/2 levels were observed in all cell lines after MEK inhibition ( Figure 3C) , and also p-p38 was increased by p38 inhibition in the cell line that showed decreased survival after radiotherapy (UT-SCC24A, Figure 3D ). Upregulation of pMEK1/2 after MEK inhibition has also been observed by Turke et al. [21] and they attributed it to a negative feedback mechanism that activates an upstream signaling molecule. Indeed, we did observe decreased pERK1/2 levels indicating that MEK activity was decreased by the inhibitor despite increased pMEK1/2 levels. Accordingly, increased p-p38 levels after p38 inhibition in the sensitive cell line might indicate effective inhibition of p38 and its downstream pathways instead of increased activity of p38.
Members of the STAT family have been shown to be activated in epithelial tumors, including HNSCC, and are known to induce the transcription of genes involved in cell survival, proliferation and angiogenesis [26] . Activation of STAT5 has also been shown to contribute to tumor growth and resistance to cisplatin and EGFRinhibition in HNSCC cell lines [27] . However, it has not been previously described that STAT5 and STAT6 correlate with radiosensitivity as we find in our study. Another member of the STAT family, STAT3, has been shown to be involved in resistance to radiotherapy [28] . Hence, our results indicate that also other STAT members play an important role in radiosensitivity in HNSCC. This is also indicated by a study of Lesterhuis et al. [29] , who observed a trend toward a shorter progression-free survival for STAT6 expressing tumors in a cohort of HNSCC patients treated with radiotherapy only. More importantly, inhibition of STAT5 and STAT6 consistently decreased survival after radiation in all cell lines. Although these effects on survival were mostly additive, these data do suggest that inhibition of STAT5 and STAT6 has the potential to improve outcome after radiotherapy in a large proportion of HNSCC patients. However, our results have to be interpreted with caution. The effects of the inhibitors on pSTAT5 and pSTAT6 levels were small, although as we demonstrated for other kinases (MEK, p38), this does not necessarily reflect the activity of these kinases. Furthermore, leflunomide is not a very specific STAT6 inhibitor and we cannot exclude the possibility that the effect of leflunomide on cell survival is independent of STAT6 inhibition.
The specificity of the used inhibitors might be confirmed by performing knockdown experiments with siRNAs against the kinases identified in these experiments. However, also siRNAs are known to be prone to off-target effects and transfection of cells can induce stress responses that could have important consequences for the response to radiation of these cells. In addition, although specificity is an important issue, more important is that we show that multiple clinical available inhibitors have the potential to improve outcome after radiotherapy in HNSCC patients.
Altogether, mostly additive effects of the kinase inhibitors were observed in this study indicating that these inhibitors decreased tumor cell survival in general and not specifically after radiotherapy. Although a synergistic effect of a kinase inhibitor and radiotherapy would be preferred, combination therapies that result in reduced survival due to additive effects could still offer the promise of improving patient outcome after radiotherapy in the clinic. Especially when these additive effects occur in a large proportion of the patients. Recurrences after radiotherapy often occur from a few surviving clonogenic cells and this suggests that additional kill of clonogenic cells by a kinase inhibitor would contribute to local tumor control [30] . Further research will be necessary to assess the efficacy of these inhibitors to improve outcome after radiotherapy in vivo and ultimately in patients. Some of the concentrations used in our experiments to inhibit kinases were in the micromolar range and it can be questioned whether effective inhibitor concentrations will be obtainable in vivo and, hence, whether our findings can be directly extrapolated to the clinic. Our own group has already shown that combining dasatinib with radiotherapy results in a significant effect on growth delay in HNSCC xenografts, while either treatment alone has no effect on tumor growth [31] . In addition, clinical studies performed with dasatinib and MK-2206, have already shown to be able to effectively inhibit pSrc and pAKT, respectively [32, 33] . Nonetheless, it will still need to be determined whether these inhibitors are also able to improve outcome after radiotherapy in the clinic. Lastly, the challenge for the future will be to determine which kinase pathway(s) are crucial for tumor cell survival in an individual patient and, hence, to determine which kinase inhibitor(s) will most likely be effective in that patient.
Conclusion
Kinases of the PI3-K/AKT, MAPK, STAT and SFK pathways were shown to be correlated with radiosensitivity in HNSCC cells. Inhibitors of these kinases were able to decrease survival after radiotherapy, in particular MEK1/2, STAT5 and STAT6 inhibitors. Hence, kinase inhibitors have the potential to increase radiosensitivity of tumors and thereby improve the outcome of HNSCC patients after radiotherapy. However, as with inhibitors against growth factor receptors, tumor cell lines display differential sensitivity. Further research is warranted to increase insight in mechanisms involved in resistance to these kinase inhibitors and how they can be counteracted to increase the efficacy of these kinase inhibitors. Secondly, kinase inhibition should be tailored to the preferential signaling pathway activation of individual tumors.
